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ABSTRACT 
Surface-Enhanced Raman Scattering (SERS) spectra of self-assembled monolayers of 4-
aminobenzenethiol (4-ABT) on copper (Cu) and silver (Ag) surfaces decorated with Cu and Ag 
nanostructures, respectively, have been obtained with lasers at 532 nm, 632.8 nm, 785 nm and 
1064 nm. Density Functional Theory (DFT) has been used to obtain calculated vibrational 
frequencies of the 4-ABT and 4,4’-dimercaptoazobenzene (4,4’-DMAB) molecules adsorbed on 
model Cu surfaces. The features of the SERS spectra depend on the electrode potential and the 
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type and power density of the laser. SERS spectra showed the formation of the 4,4’-DMAB on 
the nanostructured Cu surface independently of the laser employed. For the sake of comparison 
SERS spectra of a self-assembled monolayer of the 4-ABT on Ag surfaces decorated with Ag 
nanostructures have been also obtained with the same four lasers. When using the 532 nm and 
632.8 nm lasers, the 4,4’-DMAB is formed on Cu surface at electrode potentials as low as -1.0 V 
(AgCl/Ag) showing a different behaviour with respect to Ag (and others metals such as Au and 
Pt). On the other hand, the Surface-Enhanced Infrared Reflection Absorption (SEIRA) spectra 
showed that in absence of the laser excitation the 4,4’-DMAB is not produced from the adsorbed 
4-ABT on nanostructured Cu in the whole range of potentials studied. These results point out the 
prevalence of the role of electron-hole pairs through surface plasmon activity to explain the 
obtained SERS spectra. 
 
INTRODUCTION 
Raman scattering of adsorbed molecules on nanostructured metal surfaces can benefit from a 
very large increase in sensitivity. Surface-Enhanced Raman Scattering (SERS) was first observed 
in 1974 1 and since then, it has attracted substantial interest owing to its great potential in many 
fields (analytical, technology and research). Noble metal nanostructures exhibit SERS, the 
scattering cross sections of which are dramatically enhanced for molecules adsorbed thereon.2 
Since its discovery SERS 1, 3 has been studied extensively, both experimentally and theoretically 
4-7 because of its extremely high surface sensitivity and powerful application on fingerprint 
vibrational spectroscopy in qualitative and quantitative analysis, even at the single-molecule 
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level. It is generally accepted that two different mechanisms are involved in SERS: 
electromagnetic (EM) 8-10 and chemical enhancement (CE).11-13  
Further insight on the bonding and interactions between adsorbates can be gained by 
complementing the vibrational information provided by SERS with that derived from infrared 
spectroscopy experiments. In this way, Surface Enhanced Infrared Reflection Absorption 
Spectroscopy (SEIRAS) under attenuated total reflection conditions (ATR) is now a well 
established technique for the in-situ characterization of adsorption/desorption and reaction 
processes at the electrode/solution interphase.14-15 When compared with the external-reflection 
approach used in InfraRed Reflection Absorption Spectroscopy (IRRAS) experiments, the use of 
deposited metal thin-film electrodes (in the so-called Kretschmann’s configuration) provides a 
selective enhancement of the infrared absorption for adsorbates that allows increased sensitivity, 
better conditions for the study of water-metal and water-adsorbate interactions as well as the 
possibility of kinetic experiments in the submillisecond range.14-17 Similarly to the SERS effect, 
the SEIRA effect has been related to the nanostructure of thin film and explained as a result of an 
enhancement of the electric field at the surface of the grains forming the metal thin film. 14, 18 
Aminobenzenethiols (ABT) are frequently studied as SERS probe molecules 19-20 and 
particularly 4-ABT is widely used as molecular junction 21-22 and building block in SAMs.21 
Extensive experimental studies have been performed on the SERS of 4-aminobenzenethiol 
adsorbed on different metal surfaces, including transition metals such as Pt 23 and in metal-
molecule-metal junction systems.20-31 The SERS from the self-assembled monolayer of 4-ABT 
on Ag and Au is significantly different from the normal Raman spectrum of the molecule in solid 
state. In normal Raman spectrum only bands that correspond to completely symmetric a1 
vibrations are observed, whereas in its SERS spectrum, non-a1-type bands (appearing at 1142 
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cm-1, 1390 cm-1 and 1432 cm-1) are also present under open circuit conditions 20, 28 or when 
applying high enough electrode potentials.24, 32 However, SERS spectra from benzenethiol on 
these metals are substantially similar to those obtained from the normal Raman spectrum. The 
enhancement mechanism for the three non-a1-type strongly enhanced Raman peaks at 1142, 
1390, and 1432 cm−1 was first interpreted as a case of chemical enhancement by Osawa et al. in 
1994.28 It was speculated 24, 28 that the alteration of the spectrum of 4-ABT could be due to the 
contribution of the CT mechanism in enhancement, as a consequence of the alteration of 
electronic states of benzenethiol by the introduction of an NH2 group in the benzene ring. Since 
then, many papers have been published, and the three strongly enhanced Raman peaks have been 
widely considered as an experimental evidence of a chemical mechanism of SERS.20-21, 28-31 
Alternatively, it has been also proposed, based on the spectral similarity of 4-ABT and 4,4’-
dimercaptoazobenzene (4,4’-DMAB) adsorbed on Ag, that these bands correspond to N=N 
stretching (ag symmetric vibrational modes) of 4,4’-DMAB produced from 4-ABT via a 
photocatalytic coupling reaction.24, 32 Recently, similar SERS spectra have been obtained when 
4-ABT was adsorbed on nanostructured Pt substrates.23 These spectra showed bands not 
observed in the normal Raman spectrum of 4-ABT, both under open circuit conditions and when 
applying electrode potentials above -0.50 V (vs. AgCl/Ag), which disappear when the electrode 
potential is shifted to more negative values. Bands attributed to the formation of 4,4’-DMAB 
have been also observed in SERS of 4-ABT adsorbed onto assemblies of Au-Cu core-shell 
nanoparticles, as in the cases of Ag, Au and Pt surfaces, by using a 632.8 nm laser.33 In addition, 
Sun et al.27 have found that with Cu colloids, 4,4’-DMAB can be produced from 4-ABT by a 
surface-catalyzed reaction. These experimental results are strongly supported by Wu's theoretical 
work.26 Recently, Wu et al. have also investigated the electrooxidation of 4-ABT on gold 
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electrodes by means of density functional theory (DFT) providing mechanistic insight into this 
reaction at metal electrodes.34 On the other hand, Dendisova-Vyskovska et al.35 have used the 
spectra of adsorbed 4-ABT to evaluate the effectiveness of SERS on different Cu substrates at 
1064-nm excitation using a FT-Raman spectrometer. However, no evidence of formation of 4,4′-
DMAB was found under these experimental conditions as indicated by the absence of bands 
around 1142, 1390, and 1432 cm−1. Recently, Matejka et al.36 have reported that in the case of 
Cu surfaces activated by electrochemical methods (oxidation-reduction cycling) and excited by a 
diode laser of 785 nm, only characteristic bands of 4-ABT are observed in the whole potential 
range. According with these results, they concluded that the nature of the metal could also play 
an important role in the formation of the azobenzene derivative. 
In this work we study whether the role of Cu regarding the eventual formation of 4,4’-DMAB 
from adsorbed 4-ABT is really different from those observed with Ag, Au and Pt. To do this, we 
have performed DFT calculations to obtain the vibrational frequencies of the 4-ABT molecule, in 
gas phase and adsorbed on Cu surfaces, as well as those of the 4,4’-DMAB. We also study by 
SEIRA spectroscopy, for the first time, whether new species can be formed from the adsorbed 4-
ABT when the potential of the copper electrode is modified in the absence of laser excitation. 
Next, we have recorded SERS spectra of adsorbed 4-ABT on a Cu electrode decorated with Cu 
nanostructures using four different lasers (532 nm 632.8 nm, 785 nm and 1064 nm) as excitation 
sources. These spectra have been compared with those obtained with the same lasers from a Ag 
electrode decorated with Ag nanostructures using similar experimental conditions. In addition, 
SERS spectra of 4,4’-DMAB on nanostructured Cu electrodes have been also recorded. As it will 
be shown below, the set of SERS spectra obtained shows that Cu is not an exception in 
producing 4,4’-DMAB from the adsorbed 4-ABT. These findings also support the formation of 
 
5 
Page 5 of 55
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
4,4’-DMAB on Cu surfaces from 4-ABT with lasers of wavelengths longer than 700 nm. 
Consequently, the prevalence of the role of electron-hole pairs through surface plasmon activity 
is invoked to explain the SERS spectra obtained. 
 
EXPERIMENTAL AND COMPUTATIONAL DETAILS 
Electrochemical measurements. Electrochemical measurements were performed in 0.1 M 
NaClO4 (Fluka, ≥98.0%) or in 0.1 M NaClO4 + 10-3 M 4-ABT (Aldrich, 97%) solutions at room 
temperature. For the electrochemical study in presence of 4,4’-DMAB (prepared by Tian’s group 
24), the electrode was initially immersed in an ethanolic solution containing the 4,4’-DMAB 
(saturated solution diluted 10 times) for at least 5 minutes and then transferred into an 
electrochemical cell containing a 0.1 M NaClO4 solution and immersed at a controlled potential 
of 0 V. Working solutions were daily prepared using Millipore Milli-Q water (18.2 MΩ·cm) and 
solutions were deaerated with Ar (N50, Air Liquide). A three-electrode electrochemical cell was 
used. The electrode potential was controlled using a PGSTAT302N AUTOLAB system. The 
counter electrode was a polished Au wire and the working electrode was a polyoriented Cu rod 
or a flame annealed Ag bead electrode. Potentials were measured against an AgCl/Ag reference 
electrode (CH Instruments, Inc.) connected to the cell through a Luggin capillary. 
Synthesis of nanostructures. The synthesis of the Cu and Ag nanostructures was performed 
using a methodology similar to that described in previous contributions 37-39 for the synthesis of 
Pt and Au nanoparticles. In brief, 20 mL of an aqueous solution of the metallic precursor 
containing 2.5×10−4 M Cu(NO3)2 (Aldrich, 99.999%) or 2.5×10−4 M AgNO3 (Panreac, 99%) 
and 2.5×10−4 M trisodium citrate (Sigma-Aldrich, ≥99.0%) was prepared in a glass beaker at 
room temperature. Then, 0.6 mL of an ice-cold and freshly prepared 0.1 M NaBH4 (Aldrich, 
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99%) solution was added to the solution under vigorous stirring. The stirring was slowed down 
after 30 s and the solution was keep unperturbed for the next 30 min. Once the nanostructures 
were synthesized, it was necessary a cleaning protocol to remove the capping agent, citrate in 
this particular case, attached to the surface of the nanostructures. Following previous findings,37-
38 it could be achieved by the direct addition of a NaOH (Merck, p.a.) pellet (≈ 0.2 g) to each 
colloidal solution. This addition of NaOH produces the destabilization of the colloid giving rise 
to the precipitation of the nanostructures. After complete precipitation, the sample was washed 
3–4 times with ultrapure water. TEM experiments were performed with a JEOL, JEM 2010 
microscope working at 200 kV. The sample for TEM analysis was obtained by placing a drop of 
the water suspension containing the clean nanostructures onto a Formvar-covered copper grid 
and evaporating the solvent in air at room temperature. Figure 1 shows some representative TEM 
images of the (A) Ag and (B) Cu obtained nanostructures. As previously mentioned, the use of 
surface cleaned (organics free) nanostructures is a relevant aspect for studying electro-catalytic 
surface reactions. However, as recently described with similar Ag nanostructures,40 the removal 
of the capping agent protecting the Ag (about 6 nm) nanoparticles results in a higher degree of 
agglomeration (contact between different nanoparticles) and in a certain degree of coalescence 
(mainly through Ostwald ripening) which induces not only a growth of the nanoparticles but also 
the formation of nanochains between them as also illustrated in figure 1A. In the case of Cu, the 
TEM image obtained with the NaOH-treated Cu sample clearly shows that the Cu material is not 
formed by nanoparticles but by agglomerated nanoneedles (figure 1B). 
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 Figure 1. TEM images of the Ag (A) and Cu (B) nanostructures used in the 
spectroelectrochemical measurements. 
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Model and computational details. DFT was used to obtain calculated vibrational frequencies 
of the 4-ABT molecule, in gas phase and adsorbed on copper surfaces, as well as those of the 
4,4’-DMAB. The model used for the metal surface consists in a flat metal cluster of 5 copper 
atoms arranged in two lines of 2 and 3 atoms with (111) orientation. The same cluster has been 
used by other groups to obtain calculated frequencies that agree well with experimental results. 
Previous studies with metal surfaces of low Miller indices have shown that experimental and 
harmonic calculated frequencies of adsorbed carboxylate anions do not depend significantly on 
the crystallographic orientation of the metal surface.41-43 In the same way, we do not expect to 
have a significant effect of surface orientation on the vibrational bands of adsorbed 4-ABT and 
4,4’-DMAB species. In addition, the small cluster size is not expected to significantly affect the 
calculated frequencies, as this is a local property. We do not report information regarding 
adsorption energies, as these are known to strongly depend on cluster size, especially for small 
clusters, as the one used in this work. The geometry of the metal cluster was kept fixed, with the 
copper nuclei located at their positions in the truncated crystal, and the same distances between 
neighbouring copper atoms as in the bulk metal (0.25562 nm).44 The adsorbates are bonded to 
the metal cluster through their S atom, in a bridge configuration with the two atoms in the shorter 
metal row. A full optimization of the geometry of the free molecules and adsorbate system was 
carried out, using the functional of Perdew, Burke and Ernzehof as implemented in the Gaussian 
03 code (PBEPBE).45-47 This functional is known to give satisfactory results when dealing with 
adsorption systems. The copper atoms were described using the LANL2DZ effective core 
potential and associated double zeta basis set developed by Hay and Wadt.48 A Pople type triple-
zeta basis set with diffuse and polarization functions (6-311++G**)49-50 was used for the C, N, S 
and H atoms. All frequency values were obtained for the optimized geometry, and are given 
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without scaling. Assignments of the calculated frequencies are based on the visualization of the 
vibrational normal modes using Molden.51 
Spectroelectrochemical measurements. The SEIRA experiments were performed in a glass 
spectroelectrochemical cell 52 equipped with a prismatic silicon window beveled at 60° and using 
a gold wire and a AgCl/Ag electrode as the counter and the reference electrodes, respectively. A 
copper thin film chemically deposited on the silicon prism was used as the working electrode. 
These films were prepared by following the procedure described by Wang et al.53 Briefly, this 
procedure includes a) the cleaning of the reflecting silicon surface with the RCA method,54 b) the 
termination of the surface with hydrogen by immersion for 2 min in a 40% NH4F (p.a. Merck) + 
40% HF (Merck, suprapur) solution, c) the seeding of copper for 5-10 s in a 0.625 M HF + 3.15 
mM CuSO4·5 H2O (Merck, p.a.) solution and d) the electroless copper deposition for ca. 10 min 
in a plating solution containing 5 g·L-1 CuSO4·5 H2O, 25 g·L-1 C4H4O6KNa·4H2O (potassium 
sodium tartrate, Probus, pure), 10 mL·L-1 HCHO (Merck, 37% p.a.) and 7 g·L-1 NaOH (Sigma 
Aldrich, reagent grade > 98% pellet anhydrous).53 Under these conditions, a bright thin copper 
film was formed. After deposition, the sample was removed from the plating solution, 
thoroughly rinsed with plenty of ultrapure water, and dried in an argon stream. All the infrared 
spectra are presented in absorbance units (a.u.) and were obtained with a resolution of 8 cm-1 
with a Nexus 8700 (Thermo Scientific) spectrometer equipped with a MCT-A detector. Sets of 
100 interferograms were collected at increasing sample potentials in the 4-ABT-containing 
solution and plotted in absorbance units as –log(R/Ro), where Ro represents a reference single 
beam spectrum obtained from the same number of interferograms collected at –0.9 V before 
dosing 4-ABT.  
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SERS measurements were performed using the so-called nanoparticles-on-electrode 
approach.10, 55-57 For SERS experiments, the nanostructured electrode was made by depositing a 
droplet of a metal nanostructure aqueous suspension with a pipette onto a polycrystalline 
polished Ag or Cu disk (3 mm in diameter each one) sheathed in a threaded 
poly(tetrafluoroethylene) (PTFE) piece. The droplet was dried in air for ~30 min. The substrate 
was then mounted on an electrochemical PTFE flow cell specifically designed for the in situ 
Raman measurements. A saturated AgCl/Ag electrode was used as reference electrode and a Pt 
wire was used as counter electrode. Raman spectra were obtained with a NRS-5000 Laser 
Raman Spectrometer (Jasco) and a Jovin-Ybon LabRam Specrometer. Four excitation lines were 
used: a 50 mW Nd-YAG laser at 532 nm, a 17 mW He–Ne laser at 632.8 nm, a 100 mW diode 
laser at 785 nm and a 500 mW Nd-YAG laser at 1064 nm. The visible laser beams were focused 
through a 50×longworking distance objective (0.5 NA) into a spot at the electrode surface. The 
NIR laser was focused through a 100x IR objective (0.85 NA). The size of the spot for the 
different lasers is primarily defined by the laser wavelength and microscope objective. Thus, the 
minimum achievable spot size is diffraction limited, according to the laws of physics and optics 
and can be calculated with the following expression: 
Minimum diameter = 1.22
NA
λ   
where λ is the wavelength of the laser and NA is the numerical aperture of the microscope 
objective. Thus, the minimum diameters were 1.3, 1.5, 1.9 and 1.5 µm for the 532, 632.8, 785 
and 1064 nm lasers. In addition, the power on the sample was 4, 2, 8 and 20 mW for the 532, 
632.8, 785 and 1064 nm lasers. Thus, the power density can be directly calculated from the spot 
size and the power on the sample. For the 1064 nm laser, the focal distance of the 100x IR 
objective is so small that we could not work in the electrochemical cell, and dry experiments had 
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to be performed. For that purpose, after the deposition of the nanoparticles, a drop of the 10-3 M 
4-ABT + 0.1 M NaClO4 solution was deposited onto the nanoparticles and left over 20 minutes. 
After that time, the electrode was rinsed with 0.1 M NaClO4 and then dried in an Ar atmosphere. 
The spectrometer resolution with the visible lasers was better than 5 cm-1 and the detectors 
employed were a Peltier-cooled charge coupled device (CCD) (1064×256 pixels) and an OMA-V 
InGaAs CCD (1024x1 pixels).  
 
RESULTS 
Cyclic voltammetry. Figure 2A and 2B show the voltammetric profiles for silver and copper 
massive electrodes in a 0.1 M NaClO4 + 1 mM 4-ABT solution in the potential window of 
interest for the SERS and SEIRA experiments. In both cases, a reduction wave is observed, 
starting at about -0.8 V and -0.95 V for Ag and Cu, respectively. As recently reported, this 
process can be attributed to the electrochemical reductive desorption of the adsorbed 4-ABT 
molecules.23 Additionally, oxidative currents are also observed starting at -0.30 and -0.40 V for 
Ag and Cu, respectively, attributed to the oxidation of 4-ABT.23 Thus, the potential window 
between the oxidation and reduction of the adsorbed 4-ABT is rather similar for both metals 
(about 0.50-0.55 V). On the other hand, Figure 2C shows the curve corresponding to the 4,4’-
DMAB reduction on a massive Cu electrode after previous adsorption in an ethanolic 4,4’-
DMAB solution. The voltammogram shows clearly a reduction process starting at about -0.4 V 
that essentially disappears after a single reduction sweep, as expected from the adsorptive 
experimental conditions. 
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Figure 2. Cyclic voltammograms obtained with massive Ag (A) and Cu (B) electrodes in 0.1 M 
NaClO4 + 10-3 M 4-ABT. Electrochemical response of a massive Cu electrode (C) in 0.1 M 
NaClO4 after its immersion in a 10 times diluted ethanolic 4,4’-DMAB saturated solution. Scan 
rate: 50 mV s-1. 
 
 
13 
Page 13 of 55
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Computational results. Table 1 summarizes the main unscaled calculated harmonic 
frequencies of 4-ABT both in gas phase and bonded to a small Cu cluster. These frequencies 
compare well with those in the experimental Raman spectrum for solid 4-ABT. 
 
Table 1. Experimental (Raman and SERS) and calculated frequencies of 4-ABT (gas, PBE/6-
311++G**; adsorbed on Cu, PBE/6-311++G**LANL2DZ). 
Assignment(a) Raman 
solid 
(exp.)(b) 
SERS  
(exp.)(b) 
4-ABT (gas) 
(calc.) 
4-ABT (ad.) 
 (calc.) 
δ (NH2) + ν (CC)  (a1)            1618 w ----- 1614 1613 
ν (CC)  (a1)            1595 vs 1591 s 1594 1594 
 ----- 1580 s (c) ----- ----- 
ν (CC)  (a1)            1536 vw ----- 1564 1562 
ν (CC) + δ (CH)     (a1) 1490 w 1490 w 1480 1474 
 ----- 1434 vs (c) ----- ----- 
ν (CC) + δ (CH)     (a1) 1418 vw 1416 vw 1414 1414 
 ----- 1390 vs (c) ----- ----- 
ν (CC) + δ (CH)     (a1) ----- ----- 1343 1340 
ν (CN) + ν (CC)    (a1) 1310 w 1308 w 1282 1277 
ν (CC) + δ (CH)     (a1) 1272 w 1260 w 1276 1276 
 δ (CH)                  (a1) 1172 s 1191  m 1163 1164 
 ----- 1144 vs (c) ----- ----- 
ν (C-S) + ν (CC)    (a1) 1090 vs 1080 m 1082 1071 
δ (NH) + δ (CH)    (a1) 1008 w 1008 w  1044 1047 
δ (CCC)                 (a1) 960 vw 950 vw 992 990 
(a) All bendings in-plane unless otherwise stated. 
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(b) Experimental results of 4-ABT adsorbed on nanostructured Cu using a 632.8 nm laser and 
with a density power about 108 mW cm-2.  
(c) bands, the origin of which is not from 4-ABT. 
 
The Figure 3A shows the simulated surface Raman spectrum of 4-ABT absorbed on Cu. The 
assignment of the experimental bands is based on the visualization of the vibrational normal 
modes obtained from the calculation of the adsorbed 4-ABT on the Cu cluster. An overall 
analysis of the theoretical frequencies shows that the bonding of the 4-ABT species to the metal 
cluster through the S atom has minimal influence on the frequencies. The most important 
difference is observed for the stretching of the C-S bond, which is shifted from 1082 to 1071 cm-
1 upon adsorption on the cluster. Regarding the experimental frequencies for solid 4-ABT, and 
adsorbed on the Cu electrode, the effect of adsorption is also very small. The maximum 
differences amount to around 30 cm-1, which corresponds to relative errors in wavenumbers of 
about or less than 3%. 
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 Figure 3. Calculated PBE/6-311++G** spectra and optimized geometries of 4-ABT (A) and 4-
4’-DMAB (B) adsorbed on a Cu5 metal cluster. The adsorbates are bonded to the metal through 
their S atom, in a bridge configuration with the two atoms in the shorter row. 
 
A comparison of the frequencies of the experimental Raman bands with the theoretical 
harmonic frequencies obtained for 4-ABT adsorbed on Cu, indicates a good agreement. While 
some of the experimental and theoretical frequencies are almost coincident, the differences 
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between the experimental and calculated values can amount up to 40-50 cm-1. Despite being 
these differences significantly higher than the experimental uncertainty (8cm-1), the relative error 
is lower than 4% in the worst case. This quality compares well with the standards of other work 
in the field. Taking into account the simplicity of the model used for the calculation (small size 
of the cluster, no water present, absence of applied electric field, ...), and the errors inherent to 
the functional, the frequency results can be considered in overall as satisfactory, and sufficient to 
support the assignment of the normal mode to the experimental frequencies. 
In the case of the 4,4’-DMAB species the comparison of experimental Raman frequencies with 
the theoretical harmonic frequencies for adsorbed species on Cu also shows a very good 
agreement for most modes. The Figure 3B shows the simulated surface Raman spectrum of 4,4’-
DMAB absorbed on Cu. The most important numerical difference between Raman spectra 
corresponds to the C-C stretch in the mid 1300 cm-1 range, with a difference of about 45 cm-1. 
The effect of adsorption on the calculated frequencies is very small, amounting to less than 10 
cm-1 in most frequencies. In overall, we can conclude that the calculated and experimental values 
differ in less than 3%, which ensures a proper assignment of the experimental frequencies by 
comparison with the closest theoretical values. Finally, as it can be seen in Tables 1 and 2 the 
DFT calculations show that there are four bands that appear at 1135, 1388, 1422 and 1579 cm-1 
for adsorbed 4,4’-DMAB that are absent for adsorbed 4-ABT. A similar lack is also observed 
when the experimental Raman spectra of both compounds are compared. 
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Table 2. Comparison of calculated frequencies of the 4,4’-DMAB in gas phase (PBE/6-
311++G**), adsorbed on 2-Cu5 clusters (PBE/6-311++G**,LANL2DZ) and experimental SERS 
and Raman frequencies. 
Assignment Raman*  
(exp.) 
SERS** 
(exp.) 
DMAB (gas)  
(calc.) 
DMAB (ad.)  
(calc.) 
ν (CC) + ν (NN)         (ag) 1588 vs 1591 m 1591 1584 
ν (CC)                        (ag) ----- 1579 m 1586 1579 
ν (NN) + δ (CH) + ν (CC) 1481 m 1488 vw 1465 1459 
δ (CH) + ν (CC)        (ag) ----- ----- 1463 1456 
ν (NN) + δ (CH) + ν (CC) 1456 s 1434 vs 1427 1422 
ν (NN) + ν (CC)        (ag) 1395 m 1390 vs 1393 1388 
ν (CC)                        (ag) 1306 w 1350 w 1338 1330 
δ (CH)                        (ag)  ----- ----- 1273 1263 
ν (CN) + δ (CH) + ν (CC) 1183 m 1180 m 1192 1183 
ν (CN) + δ (CH)           
(ag) 
1147 vs 1144 vs 1138 1135 
ν (C-S) + ν (CC)          (ag) 1064 m 1080 vs  1083 1086 
δ (CCC)                       (ag)          1002 w 1007 vw 991 990 
(*) taken from reference 24 
(**) experimental results of 4,4’-DMAB adsorbed on the nanostructured Cu obtained with the 
laser at 632.8 nm and with a power density about 108 mW cm-2. 
 
SEIRAS. Taking into account the characteristics of the cyclic voltammetry of the 4-ABT on 
Cu reported in figure 2B, it is interesting to check whether the electrode potential alone could 
have some influence in the formation of new adsorbates on the Cu surface. One way to do this is 
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to analyze the potential-dependent behaviour of the infrared spectra of adsorbed 4-ABT. This 
kind of experiment is facilitated by the surface-enhanced absorption, which takes places when 
the probe molecule is adsorbed on a metal thin film (the so-called SEIRA effect 14, 58). The 
method described by Wang et al. 53 provides an easy way to prepare thin copper films on silicon 
substrates showing high infrared absorption enhancements for adsorbed species. Potential-
dependent infrared spectra of adsorbed 4-ABT on the chemically deposited copper film were 
obtained in SEIRAS experiments performed under attenuated total reflection (ATR) conditions 
(Kretschmann’s configuration 14). Figure 4 shows a set of ATR-SEIRA spectra collected at 
potentials ranging from -0.9 V (dosing potential) up to -0.10 V. These spectra are referred to the 
single beam spectrum collected at -0.9 V before dosing 4-ABT to the sodium perchlorate test 
solution. Thus, infrared bands related to adsorbed 4-ABT (as well as those for any other species 
not being present when collecting the reference spectrum) are expected to appear as positive-
going features. The spectra obtained and shown in Figure 4 are similar to those previously 
reported by our group for 4-ABT adsorbed on a silver thin film electrode.23  
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Figure 4. ATR-SEIRA spectra of 4-ABT on nanostructured Cu collected at potentials ranging 
from -0.9 V (dosing potential) up to -0.10 V. 
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Besides the bands at 1630 and 1106 cm-1, which can be initially related to interfacial water and 
adsorbed perchlorate anions, respectively, the spectrum collected at -0.9 V shows bands at 1012, 
1180, 1216, 1264, 1491, 1597 cm-1. These latter bands will be also observed in the SERS 
spectrum (see below) of 4-ABT at this electrode potential. Main changes observed in the spectra 
collected at potentials above -0.90 V are related to an increase of the intensity of the bands at 
1636 and 1106 cm-1 and the upward shift and broadening of the band initially at 1264 cm-1. The 
development of the perchlorate band, which is observed with a similar potential-dependent 
behaviour in the SEIRA spectra collected for the copper thin film electrode in the 4-ABT-free 
sodium perchlorate solution, reflects the potential-dependent adsorption of co-adsorbed 
perchlorate anions, the surface coverage of which would increase as the electrode potential 
increases. 
SERS. SERS spectra of a self-assembled monolayer of 4-ABT on copper surfaces decorated 
with copper nanostructures, using lasers at 532 nm, 632.8 nm and 785 nm as excitation sources, 
are shown in Figure 5. Different spectra are obtained depending on the electrode potential and 
the laser employed to record the SERS spectra. With the lasers at 532 nm (Figure 5A) and 632.8 
nm (Figure 5B) a set of bands at 1008, 1080, 1144, 1191, 1390, 1434, 1580 and 1591 cm-1 are 
observed at potentials as low as -1.0 V but not when the laser used is at 785 nm (Figure 5C). 
With this laser, the complete set of bands is observed only at electrode potentials equal or higher 
than -0.6 V, while at lower potentials only bands at 1008, 1080, 1191, 1480 and 1596 cm-1 
appear. These results for nanostructured Cu contrast with those observed when silver surfaces 
decorated with silver nanostructures are used as active SERS substrates. In addition, it is 
worthwhile mentioning the reversibility of the system. After reaching the higher potentials, by 
going back to -1 V (not shown) the initial spectrum is again recovered. 
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Figure 5. SERS spectra at different potentials of a self-assembled monolayer of 4-ABT from 
copper surfaces decorated with copper nanostructures, using lasers at 532 nm (acquisition time 
10 s) (A), 632.8 nm (acquisition time 30 s) (B) and 785 nm (acquisition time 50 s) (C) as 
excitation sources. Laser power density about 108 mW cm-2.  
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Figure 6 shows the SERS spectra obtained with silver at different potentials using the lasers at 
532 nm and 785 nm. When the potential ranges from -0.9 V to -0.6 V only bands at 1008, 1080, 
1191, 1480 and 1591 cm-1 can be observed. But for potentials higher than -0.6 V four new bands 
are visible at 1144, 1390, 1434 and 1575 cm-1 (as a shoulder). These results agree with 
previously observations by Tian et al.24 who assigned these four bands to the 4,4’-DMAB 
molecules formed by photocatalytic oxidation of 4-ABT.  
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Figure 6. SERS spectra at different potentials of a self-assembled monolayer of 4-ABT from 
silver surfaces decorated with silver nanostructures using the lasers at 532 nm (acquisition time 5 
s) (A) and 785 nm (acquisition time 25 s) (B). Laser power density about 108 mW cm-2. 
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It is interesting to highlight that the ratio between the bands centred at 1434 cm-1 and 1390 cm-
1 as well as that between the bands centred at 1390 cm-1 and 1144 cm-1 are similar both for Cu 
with the 632.8 nm laser and for Ag with the 532 nm regardless of the electrode potential, as those 
bands grow with the potential keeping the same ratio. On the other hand, the influence of the 
power density of the laser on the characteristics of the spectra of 4-ABT adsorbed on the 
nanostructured Cu is shown in Figure 7. Differences in the spectra can be observed when the 
power density of the 632.8 nm laser is decreased, by unfocusing it, from the initial value about 
108 mW cm-2 (Figure 5B) to 103 mW cm-2 (Figure 7). At electrode potentials lower than -0.6 V 
the spectra are dominated by the bands at 1011, 1080, 1178 and 1595 cm-1 attributed to a1 modes 
of the 4-ABT. However, for higher electrode potentials the spectra are similar to the obtained 
when the power density of the 632.8 nm laser is about 108 mW cm-2 (see Figure 5B). 
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Figure 7. Potential dependent SERS of a self-assembled monolayer of 4-ABT from 
nanostructured copper surfaces spectra excited by a laser power density about 103 mW.cm-2 of 
the 632.8 nm laser. Acquisition time 90 s. 
 
As it has been previously pointed out, 4,4’-DMAB was suggested to be formed from the 
adsorbed 4-ABT on Ag (and also on Au and Pt 23-24) and to be responsible for the bands at 1144, 
1390, 1434 and 1579 cm-1. In order to check this, we have recorded the SERS spectra of the 4,4’-
DMAB adsorbed on the nanostructured Cu obtained with the laser at 632.8 nm (Figure 8). The 
same set of bands observed for the 4-ABT (Figure 5B) at any electrode potential are recorded but 
with weak intensities for potentials lower than -0.6 V. For sake of comparison the spectrum 
obtained at low power density of the laser is also shown. In this case, only bands for the 4-ABT 
are observed. This behaviour will be explained later in connection with the voltammetric 
characteristics of the 4,4’-DMAB (Figure 2C). Finally, it is interesting to mention that we have 
not observed the presence of the band corresponding to the S-H bond of a trans-type 4,4’-DMAB 
linked to the metal only through a single S atom. Interestingly, this effect has been previously 
highlighted by Tian et al.24 In addition, the missing signal of S-H was also observed in 1,4-
benzenedithiol (BDT) by Kim’s group.59-60 
 
26 
Page 26 of 55
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
1700 1600 1500 1400 1300 1200 1100 1000
1488
-1 V
unfoc
-1 V
-0.7 V
-0.5 V
-0.3 V 
Raman Shift  /  cm-1
1591
1579
1434 1390
1144
1177 1080
7 cps
 
Figure 8. Potential dependent SERS spectra of the 4,4’-DMAB adsorbed on the nanostructured 
Cu obtained with the laser at 632.8 nm with a power density about 108 mW cm-2. The spectrum 
at the bottom obtained with the same laser and a laser power density about 103 mW cm-2. 
Acquisition time 30 s. 
 
On the other hand, in order to deepen in the possible influence of the wavelength of the laser 
on the features of the spectra, the SERS spectra of a self-assembled monolayer of 4-ABT on 
nanostructured Cu and Ag surfaces are recorded and shown in Figure 9 using a 1064 nm laser 
and a laser power density about 109 mW cm-2. Again, a set of bands similar to those observed 
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with the lasers at 532, 632.8 and 785 nm is obtained, which points out that the wavelength of the 
laser is not the crucial factor. 
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Figure 9. SERS spectra of 4-ABT adsorbed on nanostructured surfaces of Cu (A) and Ag (B) 
excited by a 1064 nm laser in absence of solution (without control of potential). Laser power 
density about 109 mW cm-2. Acquisition time 30 s for Cu and 20 s for Ag. 
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Finally, we have recorded the SERS spectra for 4-ABT adsorbed on Cu (Figure 10A) and Ag 
(Figure 10B) at the same electrode potential (-0.4 V) in which no reduction process takes place 
(see Figures 2A and 2B). The spectra in these two figures were recorded both with the laser 
unfocused (spectra a) and focused (spectra b). In addition, and for sake of comparison, the SERS 
spectra of 4,4’-DMAB adsorbed on each one of the electrodes at the same potential and with the 
laser focused are also shown (spectra c). 
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Figure 10. SERS spectra from 4-ABT (a and b) and 4,4’-DMAB (c) adsorbed on Cu (A) and Ag 
(B) at the same electrode potential (-0.4 V) for which no reduction process takes place with a 
632.8 nm laser. Spectra (a) obtained with a laser power density about 103 mW cm-2 (acquisition 
time 60 s for Cu and 10 s for Ag). Spectra (b) (acquisition time 30 s for Cu and 5 s for Ag) and 
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(c) (acquisition time 30 s for Cu and Ag) obtained with a laser power density about 108 mW cm-
2. 
 
DISCUSSION 
The aim of this work is to study the behaviour of nanostructured Cu regarding the possible 
formation of 4,4’-DMAB from adsorbed 4-ABT and to compare the results obtained with those 
previously observed with Ag.23 DFT calculations show that there are four bands that appear at 
1135, 1388, 1422 and 1579 cm-1 for adsorbed 4,4’-DMAB on Cu which are absent for adsorbed 
4-ABT likewise on Cu, and that a similar lack is also observed not only when the experimental 
Raman but also the SERS spectra are compared (see Tables 1 and 2).  
According to the characteristics of the cyclic voltammetry of the 4-ABT on Cu reported in 
figure 2B, it is interesting to check whether only the effect of the electrode potential could have 
some influence in the formation of new adsorbates on the Cu surface. The main features of the 
SEIRA spectra for 4-ABT adsorbed on a copper thin film electrode, shown in Figure 4, are 
similar to those previously obtained for silver.23 In this way, the spectrum collected at -0.9 V 
shows bands at 1012, 1106, 1180, 1216, 1264, 1390, 1491, 1597 and 1629 cm-1. The bands at 
1106, 1216 and 1629 cm-1 do not appear in the SERS spectrum of 4-ABT at this electrode 
potential (see Table 1). The band at 1106 cm-1, related to the presence of co-adsorbed perchlorate 
anions (see below), hinders the observation of a small feature for adsorbed 4-ABT that was 
observed at 1084 cm-1 in the case of the silver electrode. A band at 1629 cm-1 could be 
tentatively assigned to the δ[NH] 32 of the amine group in the adsorbate. However, some 
contribution to this feature from the uncompensated (O-H) bending mode of interfacial water can 
be also expected in this spectral region. Finally, it is worth noting that the band appearing at 
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1216 cm-1 in Figure 4 does not seem to be related to adsorbed 4-ABT. This band is similar to that 
appearing at ca. 1225 cm-1 in the spectra reported by Wang et al.53 for pyridine adsorbed on a 
copper electrode deposited on silicon. These authors suggested that this feature, which is absent 
when the copper electrode was deposited on germanium, was ascribed to the silicon substrate 
(namely to the O-Si-O stretching of silicon oxides formed on the exposed surface for metal-on-
silicon electrodes). It has to be noted that, except for the features at 1225, 1106 and, probably, 
that at 1629 cm-1, the bands in the spectrum obtained at -0.90 V in the 4-ABT-containing 
solution correspond to ring vibrations of the adsorbed 4-ABT molecules (see Table 1). An 
increase of the intensity of the bands at 1629 and 1106 cm-1 and the upward shift and broadening 
of the band initially at 1264 cm-1 are the main changes observed in the spectra collected at 
potentials above -0.90 V. The potential-dependent behaviour of the spectra in Figure 4 is rather 
similar to that reported for 4-ABT adsorbed on silver.23 In this latter case, an additional small 
band was observed at ca. 1200 cm-1 which is obscured by the silicon feature at 1216 cm-1. Thus, 
it can be concluded that both for Cu and Ag electrodes there are no extra bands in the infrared 
spectra associated to the oxidation of 4-ABT. The potential-dependent adsorption of co-adsorbed 
perchlorate anions, the surface coverage of which would increase as the electrode potential 
increases, is in the origin of the development of the perchlorate band which slightly shifts from 
1106 cm-1 at -0.90 V to 1111 cm-1 at -0.10 V. It is also observed with a similar potential-
dependent behaviour in the SEIRA spectra collected for the copper thin film electrode in the 4-
ABT-free sodium perchlorate solution. The appearance of a net perchlorate absorption band in 
the spectrum collected at -0.90 V (Figure 4), not observed at this potential in the experiments 
carried out with silver electrodes can be interpreted as the result of an induced perchlorate 
adsorption process in the presence of adsorbed 4-ABT. In the same way, the increasing intensity 
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of the band at 1629 cm-1 in Figure 4 could be related to the coadsorption of interfacial water 
molecules associated to the perchlorate anions. In any case, it is clear from the spectra reported 
in Figure 4 that in absence of the laser excitation the 4,4’-DMAB is not produced from the 
adsorbed 4-ABT on nanostructured Cu in the whole range of potentials studied. 
  
The next step in this study is to record potential-dependent SERS spectra of self-assembled 
monolayers of 4-ABT and 4,4’-DMAB on nanostructured Cu surfaces using lasers of different 
wavelengths and power densities. For sake of comparison the potential-dependent SERS spectra 
of self-assembled monolayers of 4-ABT on nanostructured Ag surfaces are also obtained with 
the same lasers and power densities. In agreement with previous findings,24, 28, 32 the recorded 
SERS spectrum obtained with the laser at 532 nm changes significantly when the silver electrode 
potential is shifted from -0.9 V to -0.5 V (Figure 6A). Thus, four new bands are visible at 1144, 
1390, 1434 and 1575 cm-1 (the latter one as a broad shoulder). As mentioned above, these bands 
were first considered to be a case of chemical enhancement 28 but later they have been assigned 
to different vibrational modes of 4,4’-DMBA 29 produced by a photocatalytic reaction of 
adsorbed 4-ABT. Surprisingly, when a copper massive electrode decorated with copper 
nanostructures is used, these bands are also observed with this laser at potentials as low as -1.0 V 
(Figure 5A). This behaviour also contrasts with that observed with Au and Pt.23-24 It is known 
that Cu nanoparticles exhibit a plasmon absorption band with the maximum at wavelengths 
about of 580 nm (the exact values depending on their size, shape and aggregation).61 Taken into 
account that aggregation shifts the plasmon resonance to higher values of wavelengths we have 
also recorded the SERS spectra of a self-assembled monolayer of 4-ABT on this active copper 
SERS substrate with a laser of 632.8 nm. Again, at potentials higher than -1.0 V, four bands 
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appear located at 1144, 1390, 1434 and 1580 cm-1 (Figure 5B). These bands cannot be assigned 
to the 4-ABT as shown in Table 1. Interestingly, Shin et al. 62 measured the SERS spectra of 4-
nitrobenzenethiol on an activated Cu foil, under 632.8 nm radiation and without any potential 
control, and claimed the formation of 4-ABT, which was confirmed by the growing of calcium 
carbonate crystals selectively on the amine-terminated regions. However, if the SERS spectra are 
recorded with a lower power density (about 103 mW cm-2) by simply unfocusing the laser, a 
dependence of the spectra with the potential is observed (Figure 7), similarly to that obtained 
with Ag 24 and Pt.23 Under these conditions and at potentials equals or lower than -0.7 V the 
spectral feature is dominated by the bands at 1011, 1080, 1178 and 1595 cm-1 attributed to a1 
modes of 4-ABT (Table 1). This behaviour can be explained by taking into account the 
voltammetric response of 4,4’-DMAB on a Cu electrode in the potential region from -0.3 V to -
1.0 V (first scan). As shown in Figure 2C, a clear cathodic contribution is observed from -0.5 V 
with a maximum current at about -0.75 V after which the hydrogen evolution reaction begins to 
be visible at potentials values below -0.9 V. In consequence, reduction of the 4,4’-DMAB 
molecules, eventually formed from 4-ABT, are thus expected. However, as shown in Figure 5B, 
this is not observed for Cu at high power density of the laser. This finding would suggest that in 
this case the reduction process does not compensate the photocatalytic process. To check this 
behaviour, we have studied the dependence with the potential of the SERS for 4,4’-DMAB on a 
Cu electrode in the potential region from -0.3 V to -1.0 V (Figure 8). The intensity of the four 
bands at 1144, 1390, 1434 and 1580 cm-1, assigned to ag modes of 4,4’-DMAB (see Table 2), 
decreases significantly as the electrode potential shifts to more negative values and becomes very 
weak at -1.0 V. In addition, at this potential if the power density of the laser is dropped at values 
about 103 mWcm-2 the final spectrum is similar to the SERS spectrum of 4-ABT obtained in 
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analogous experimental conditions (Figure 7). This fact would support that the reduction of 4,4’-
DMAB produces 4-ABT in this negative potential range. On the other hand, when the excitation 
wavelength is changed to 785 nm (Figure 5C) the electrode potential value at which the four 
bands located at 1144, 1388, 1429 and 1573 cm-1 (and assigned to 4,4’-DMBA formed from 4-
ABT) appear is similar to that observed with Ag (Figure 6B). These results differ from those 
reported by Matejka et al.36 where, in similar experimental conditions, that is, at the same 
wavelength and on a nanostructured Cu surface, these bands were not observed. They suggested 
that the higher affinity of Cu to nitrogen when compared to silver and gold would diminish at 
longer wavelengths (> 700 nm) the ability to form an azo-bond between two nitrogen atoms of 
neighbouring 4-ABT molecules. However, our spectra clearly confirm the formation of 4,4’-
DMBA at this wavelength and at electrode potentials more positive than -0.5 V (Figure 5C). The 
potential-dependent behaviour of the SERS spectra observed when exciting with the diode laser 
at 785 nm could be explained taking into account that at this wavelength the excitation of the 
surface plasmon of Cu is not as efficient as at 632.8 nm.61 Consequently, a poor yield in 4,4’-
DMAB can be expected. In addition, and according with the voltammetric behaviour of 4,4’-
DMAB on Cu (Figure 2C), a competitive reduction process exists in the range of potentials 
between -1.0 V and -0.5 V that would contribute to the consumption of the formed 4,4’-DMAB. 
The reduction process gives rise to the formation of 4-ABT as evidenced in the SERS spectra 
shown in Figure 8. For potentials more positive than -0.5 V the characteristic bands of 4,4’-
DMAB can be clearly observed in Figures 5C and 6B. Finally, SERS spectra of a self-assembled 
monolayer of 4-ABT on Cu and Ag surfaces decorated with Cu and Ag nanostructures, 
respectively, were also recorded at 1064 nm excitation wavelength. The spectra obtained in 
absence of solution, that is, without control of the potential, are shown in Figures 9A and 9B. 
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Again, four bands at 1135, 1382, 1431 cm-1 and 1574 cm-1 are also observed as an evidence of 
the 4,4’-DMAB formation under the influence of the radiation at a wavelength as high as 1064 
nm. Again, it is necessary to point out that these bands were not observed at this wavelength by 
Dendisova-Vyskovska et al.35 using a colloidal Cu nanoparticle system. Taking into account the 
influence of the power density of the laser on the spectrum features, the absence of these bands 
could be probably related to the use of a FT-Raman spectrometer. In this regard, as it can be also 
seen in Figure 7 for a 632.8 nm laser, when the power density of the NIR laser is decreased (by 
unfocusing it for 4 μm) the quoted four bands attributed to 4,4’-DMAB disappear completely for 
Ag and almost for Cu. Thus, evidence of the formation of 4,4’-DMAB is observed even a 
wavelengths as high as 1064 nm. 
 
In order to explain the results obtained with the different lasers we have to consider that a 
metal electrode can act either as an electron source (for reduction reactions) or as an electron 
sink (for oxidation reactions). The calculated energies of the HOMO and the LUMO of the 
adsorbed 4-ABT on Cu are -4.64 eV and -2.59 eV, respectively. The Fermi level value for bare 
Cu is -7.0 eV.63 Taking into account the range of electrode potentials studies and that according 
with Trasatti 64 0 V versus SHE corresponds to an electronic energy value of -4.44 eV, the Fermi 
level of the Cu electrodes is located between the HOMO and the LUMO of adsorbed 4-ABT. A 
similar explanation can be quoted for Ag.65 In addition, the Fermi level can be tuned by varying 
the potential applied. If under appropriate conditions 4-ABT becomes oxidized, the electron 
transfer must occur from the adsorbate to the metal and two CT mechanisms can be claimed to 
act. The first mechanism is a photoinduced electron transfer that would occur from the 4-ABT 
HOMO to Cu if the photon of the laser had enough energy. Under these conditions, the excited 
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surface complex may follow two ways of deexcitation: a reverse CT back to the ground state 
followed by a radiative process or a photochemical reaction of the excited amino radical anion. 
The second CT mechanism is the creation of an electron-hole pair through surface plasmon 
activity. Each plasmon can decay into a photon (radiative process) or into a hot electron-hole pair 
(non-radiative process). The competition between these two processes depends on the 
characteristics of the plasmon, being the non-radiative process the dominant one for small 
nanoparticles or subradiant plasmon modes.66 If a nearby electron donor is present, as the case of 
4-ABT, a hot-hole could capture an electron from the HOMO and induce the formation of 4-
ABT radicals followed by chemical coupling reactions. The hot electron will be quenched by 
oxygen or other oxidant. In this way it could greatly reduce the energy input requirements of the 
chemical transformation from 4-ABT to 4,4’-DMAB. Recently, Wu et al.34 have investigated the 
electro-oxidation of 4-ABT on gold electrodes by means of DFT and they have proposed the 
formation of four different dimer products. Among them, the one formed by N-N coupling 
reaction of 4-ABT radicals would be the 4,4’-DMAB molecules the N=N stretchings of which 
are at the origin the bands about 1387 cm-1 and 1430 cm-1. The excitation of surface plasmon in 
noble metal nanostructures by visible light is a very efficient process and shows excellent 
catalytic activity for water splitting 67-68 and Fenton’s reaction.69 Even excitation of surface 
plasmon resonance in metallic nanoparticles has been observed at wavelengths as high as 1064 
nm.70-71 On the other hand, Halas et al.72 have shown that surface plasmon excited in the Au 
nanoparticle decays into hot electrons with energies that allow by energy transfer the dissociation 
of H2 adsorbed on the Au nanoparticle surface. They have demonstrated that plasmon-excited 
nanoparticles can be an efficient source of hot electrons. Sun et al.73 have investigated the 
substrate, wavelength and time dependence of the plasmon-assisted surface catalyzed 
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dimerization of 4-nitrobenzenethiol (4-NBT) to 4,4’-DMAB on Au, Ag and Cu films and they 
pointed out the participation in this case of hot electrons from plasmon decay in the dimerization 
process by previous reduction of 4-NBT by population of its LUMO orbital. Finally, as an 
evidence of the prevalence of the role of electron-hole pairs through surface plasmon activity we 
have recorded the SERS spectra for 4-ABT adsorbed on Cu (Figure 10A) and Ag (Figure 10B) at 
the same electrode potential (-0.4 V) in which no reduction process takes place, neither of 4-
ABT nor of 4,4’-DMAB (see Figure 2). The spectra in these two figures were recorded with the 
laser unfocused (spectra a) and focused (spectra b). In addition, and for sake of comparison, the 
SERS spectra of 4,4’-DMAB adsorbed on each one of the electrodes at the same potential, and 
with the laser focused, are also shown (spectra c). As it can be seen in Figures 10A and 10B the 
characteristic bands of 4,4’-DMAB (spectra c) are present at -0.4 V in the spectra (b), but they 
are absent in the spectra (a). The only difference between spectra (a) and (b) is the corresponding 
power density of laser but not its photon energy. This conclusion agrees with the consideration of 
the surface oxidative reaction as a photoinduced catalyzed reaction.53  
 
CONCLUSIONS 
The theoretical and experimental results seem to support that the photoinduced surface 
catalytic formation of 4,4’-DMAB is produced by a surface oxidative reaction of 4-ABT 
adsorbed on nanostructured copper. From SEIRA spectra of 4-ABT adsorbed onto a copper film 
recorded at different electrode potentials it is concluded that no new species are formed only 
under electrochemical control. SERS spectra are consistent with the formation of the 4,4’-
DMAB on both Cu and Ag nanostructured surfaces with the four used lasers (532 nm, 632.8 nm, 
785 nm and 1064 nm). With the 532 nm and 632.8 nm lasers the 4,4’-DMAB would be formed 
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on Cu surface at electrode potentials as low as -1.0 V differently to the case of Ag (and others 
metals like Au and Pt), for which the electrode potential must reach values about -0.6 V. 
However, with the 785 nm laser the behaviour observed for Cu is similar to the other cited 
metals. Finally, the dependence of the SERS spectra of adsorbed 4-ABT and 4,4’-DMAB on 
nanostructured Cu with the power density of the laser at an electrode potential in which no 
reduction process takes place, seem to support the participation of a photoinduced catalyzed 
process. 
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Figure 1. TEM images of the Ag (A) and Cu (B) nanostructures used in the spectroelectrochemical 
measurements.  
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Figure 2. Cyclic voltammograms obtained with massive Ag (A) and Cu (B) electrodes in 0.1 M NaClO4 + 10-
3 M 4-ABT.  Electrochemical response of a massive Cu (C) in 0.1 M NaClO4 after its immersion in a 10 times 
diluted ethanolic 4,4’-DMAB saturated solution. Scan rate: 50 mV s-1.  
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Figure 3. Calculated PBE/6-311++G** spectra and optimized geometries of 4-ABT (A) and 4-4’-DMAB (B) 
adsorbed on a Cu5 metal cluster. The adsorbates are bonded to the metal through their S atom, in a bridge 
configuration with the two atoms in the shorter row.  
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Figure 4. ATR-SEIRA spectra of 4-ABT on nanostructured Cu collected at potentials ranging from -0.9 V 
(dosing potential) up to -0.10 V.  
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Figure 5. SERS spectra at different potentials of a self-assembled monolayer of 4-ABT from copper surfaces 
decorated with copper nanostructures, using lasers at 532 nm (acquisition time 10 s) (A), 632.8 nm 
(acquisition time 30 s) (B) and 785 nm (acquisition time 50 s) (C) as excitation sources. Laser power 
density about 108 mW cm-2.  
80x180mm (300 x 300 DPI)  
 
 
Page 50 of 55
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
  
 
 
Figure 6. SERS spectra at different potentials of a self-assembled monolayer of 4-ABT from silver surfaces 
decorated with silver nanostructures using the lasers at 532 nm (A) and 785 nm (B).  
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Figure 7. Potential dependent SERS of a self-assembled monolayer of 4-ABT from nanostructured copper 
surfaces spectra excited by a laser power density about 103 mW.cm-2 of the 632.8 nm laser. Acquisition 
time 90 s.  
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Figure 8. Potential dependent SERS spectra of the 4,4’-DMAB adsorbed on the nanostructured Cu obtained 
with the laser at 632.8 nm with a power density about 108 mW cm-2. The spectrum at the bottom obtained 
with the same laser and a power density about 103 mW cm-2.  
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Figure 9. SERS spectra of 4-ABT adsorbed on nanostructured surfaces of Cu (A) and Ag (B) excited by a 
1064 nm laser in absence of solution (without control of potential). Laser power density about 109 mW cm-
2. Acquisition time 30 s for Cu and 20 s for Ag.  
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Figure 10. SERS spectra from 4-ABT (a and b) and 4,4’-DMAB (c) adsorbed on Cu (A) and Ag (B) at the 
same electrode potential (-0.4 V) for which no reduction process takes place with a 632.8 nm laser. Spectra 
(a) obtained with a power density about 103 mW cm-2. Spectra (b) and (c) obtained with a power density 
about 108 mW cm-2.  
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